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ABSTRACT

The equations and a Fortran program to calculate supersonic and
hypersonic aerodynamic heat tranefer rates and transient temperature
distributions for spherical leading edges and flat plate surfaces are
presented in this report. The missile skin is composed of one to three
different slab materials and/or thin wall combinations for flight trajec-
tories or wind tunnel conditions. The Fortran program is written for
the IBM 1620 40K digital computer.
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1. Introduction

A general purpose Transient Tempevature A<rodynamic Heat
Transier IBM 1620 Digital Computer Program for supersonic and hyper-
sonic flight speeds is described herein. This computer program con-
siders spherically blunted leading edges and/or flat plate surfaces. One
dimensional temperature distributions through a missile skin composed
of one to three different slab materials or a thin wall material followed
or preceded by one or two different slab materials is available. The
required flight environment is either a trajectory input based on the

ARDC 1959 atmosphere or constant altitude and local flow properties
(wind tunnel conditions).

2. Anaivsis

a. Stagnation Regions

Aerodynamic heat transfer coeificients for spherically
blunted leading edge surfaces are separated into two regions. For non-
dissociated gas propgerties, corresponding to flight speeds up to
6000 ft/sec, the external aerodynamic heat transfer coefficients for
laminar and turbulent boundary layers are developed in this report, For
dissociated gas properties, an approximation tc the exact stagnation

point heat transfer rate solution of Fay and Riddeli! and Detra and
Hidalgo? is used.

(1) Nondissociated Aerodynamic Heat Transfer Coefficient,
The important variables affecting the aerodynamic heat transfer coeffi-

cient for a spherically blunted leading edge'surface are shown in
Figure 1.

Ms> Tor Ps,

T b L . . . 4—Boundary Layer Thickness
0 >

Mo P, X Py
Voo M, H_{ ID !
Py Vo A
Too Piot
J tot ]
Detached Shock Wave
Figure 1.

Important Variables Affecting the Aerodynamic Heat Transfe:
Coefficient for a Spherically Blunted Leading Edge Surface




(a) Laminar Boundary Layer. A modified Reynolds
analogy for flow with constant thermal and transport properties through
the boundary layes for spherical and cylindrical surfaces is used.

Nujne St -0

Stg = Reg Pr5= 2 Prs (1

--}:l'ulti-Y——*gé- Reg Pr, ", (2)
Measurements of local skin friction coefficients on spherical and
cylindrical surfaces indicate the normal laminar flow correlation for
zero pressure gradient flow may be applied provided the constant of
proportionality, using local Reynold's number,is considered to vary
with location along the surface:

S
Cf_\fK-é; . (3)

The factor fi of Equation (3) varies from 1. 526 at the stagnation point
to approximately 0. 664 at a position 90 degrees from the stagnation
point for the sphere and from 1. 14 to 0. 664 for the cylinder. Equation
(2) can be expandad to

f PaVeY]%® . °* :
Since the stagnation point value of Y and Vg are zero and large errors
of heat transfer coefficient result from Equation {4) in the areas close
to the stagnation point, it becomes convenient and more accurate to
define a term P as given by Equation (5):

Vv, = BY . (5)
The value of B varies aloeng the surface, with the sphere diameter, and

with the free stream Mach number and temperature. At the stagnation
point, application of elementary calculus yields the nondimensional

velocity gradient (E-Y-) . This nondimensional velocity gradient is a
fanction of free stream’Mach number only. A ratio of /Py was found
to depend only on the locatioz on the spherical surface.
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Substituting PY for V, and = =— for p, in Equation (4) yields

0.5
f[ P pYz Cod
Hine* ¥ 2= kg ol P 6
nc 2 8 [Rg'rs#"s] rg ( )

By dividing Equation (6) by Y, multiplying by ND, then multiplying tne
right hand side by NB,/B, and 'Vw/Vw, the equation may be written:

.5
Hipe- VD = 0.5 | Y228 [ 2 2,2, 7
Rg
where
2.590425
N 7 30 (7 - 217
Z, =y -{[1.4 +ﬁ—w7] E.A”(? Mw,) ; ' (8)
Z,=f,NB/Bo =£ (0) (9
and

z,=xp," NTH . (10)

Equation (7) has been developed for constant thermal and transport
properties with Z, evaluated at local conditions. For an appreciable
variation of temperature within the boundary layer, a reference temper-
ature’ (T*) has proven to give excellent aerodynamic heat transfer
coefficients:

T# = T, [o. 50 + 0. 039 Ms'] $0.50 Ty, (1
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The properties of Z, in Equation (10) required tobe evaluated at T%,
are indicated by the asterisk superscript (¥}, and are defined by the
following equations:

When T#< 1000°R
_0.23791763 X 10-6 Tx 132

k* (12a)
™ + 198. 6
When T* 2 1000°R
K* = 11.997p%, (12b)
Where
-6 vk 0.63
l".,,‘=0.249X10 T (13)
ga
Pr* = ¥ Cp* Sa/k* (14)
and Cp* = £ (T*), as defined by Equation {56).
Then
ol’ *
H\D = 0. S[pr,] 2,2,z (15)
Rg 3
Figures 2 and 3 present Z, and Z,.
At the stagnation point, the r:t.ren.c temperature becomes
To* = 0, 5[TTOT + Tw] for Myg—>0.0, (16)

where the total temperature, TToT, at the stagnation point is the .otal
temperature of the free stream,

(b} Turbulent Boundary Layer, Itis possibletohave
turbulent boundary layer flow over some portion of the leading edge
and a method for the aerodynamic heat *ransfer coefficient is presented.
The basic development is similar to the laminar boun.ary layer heat
transfer development,

Ci ~23 t7)
Stg ® 5 Pre
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for laminar boundary layer and Equation (19} for turbulent boundary

L R e aranens U e - e

The skin friction coefficient for turbulent boundary layers on the leading
edge can be expressed as

£
Ci=f- - (18)

The leading edge geometry has only a minor effect on the value of the
proportionality constant f, as compared to the laminar boundary layer.

The final equation for turbulent leading edge aerodynamic heat transfer
coefficient is

0.8 0.6 E-
HDO'Z =0.5 [.V;.és_’_] (;) Zx Zz Z3 ) (19)
where
G.8 5
Z, = [E.“QI_D.] (20) ]
o0
0-8
z, = fz(-%- ) (21)
o)
and ,
1/3
= K* Pr*

2'3 - (T*}.'-*) 0.8 . (22)

The exponents of Equation (14) reflect the basic changes in the skin
friction correlation. Figures 2 and 4 show variations of Z, and Z, .
The term (Y/D)%® will cause a maximum aerodynamic heat transfer
coeffieient away from the stagnation point on a given surface and
theoretically a value of zero at the stagnation point. In reality, the
stagna’ion poirt flow is laminar and thus the aerodynamic heat transfer

coefficient will not become zero., This turbulent analysis is not included
in the Fortran program.

{c) Approximate PressureDistribution. Thereference
temperature , T¥#, requires the local Mach number and local temper-
ature. The basic aerodynamic heat transfer equations, Equation (7)
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layers , require local pressure value. A modified Newtonian-Prandtl-

Meyer pressure ratio, P, as a function of angular position, 8 is used.

. P P
Ps = Po po— 10T , (23}
TOT Peo
where
Ps - 1 -0.957 sinz@. (24)
ProtT

The local Mach number is determined from the fullowing equations:

-1
m2e [—2 N[ _Bs )”XT
* " \v - I/{\PTorT B 23)

and
Pror.f[ s DM [ 41 i*'l (26)
T
Pe (L 2 ] [2YMe®-(v-1)ff
The local terperature Tg is obtained from:
2 - 2
Ts _f2tly- 1) Mo @
T {2 +(y - 1) Mg?

for surface positions away from the stagnation point. At the stagnaticn

peint, the reference temverature, T*, of Equation (11) does not require
local temperature.

(2) Disscciated Air Aerodynamic Heat Transfer Rates.
An approximate equation for the exact stagnation point aerodynamic
heat transfer rate for flight velocities greater than 6000 ft/sec is

presented. ?
QWHR &

5

o~
tv
o0
~

= 865(v°°\3.15 ’ Poo t—hg - hw ]
0

104/ Psea level E‘o - hwy,

BRI




where

h, = stagnation enthalpy = 6006 T + 0. 5 Voo (28a)
hy, = enthalpy at T,, "R =778 g, p Tw {28b)
and
= r °k = 28
by, = enthalpy at 300, °k = 3244109. {28c)

iy

- For variation of laminar heat transfer rates around the spherical
blunted leading edge, the Lee's ratio of heat transfer rate to stagnation
point heat transfer rate® QR is presented in Figure 5.

Turbulent leading-edge boundary layer heat-transfer rate anaiyses
are not included for the hypersonic flight speeds.

b. Flat Plate Regions

The aerodynamic heat-transfer coefficients for laminar
and turbulent boundary layers over a flat plate and/or cone surface were
developed in detail.* Aerodynamic heat transfer variables are illustrated

IR BT

in Figure 6.
] M
o’ 3 P s Qradiated
s S qln I
Ts f
Mw /——’ |
g& i

o r: Too / dstored P

L Qconducied

Figure 6. Aerodynamic Heat Transfer Variables for ‘
Flat Plates or Cones { ]
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The following equations cxpress the flat plate aerodynamic heat-transfer
coefficients:

T PMg 1 [ex PP _Cp
°s L S, .
Hrpp = C. ga J‘-—f{—s‘éﬁ?&'; Y P (29)
g J P
For laminar boundary layers
C = 0.332 (30)
n = 0.50, (31)
and for cone surfaces
Heone = Hpp © N3 (32)
For turbulent boundary lavers
C = 0.01396 (33)
n = 0.85, (34)
and for cone surfaces
—— . ———2
Heone © HFp N3 ¢ (35)
Also, the Reynolds number may be defined
Re = 1063446 P M, YN, (T +198.6)/TS% , (36)

where Yg is defined by Equation (57}.

c¢. Time Increment and Material Properties

The time increment, At, is critical to the finite difference
soelution for the temperatures. The following properties are given for
each material; density, p ; specific heat, Cp; thermal conductivity, k;

total thickness, Tiots and number of layers, NLAY,

12




T = Ttot/NI.‘c;‘xY (37)
,5 0. SpCp'rz
it At = R 3
% k+ V7 (38)
»
§ where Vl = 10 for first material, estimate for maximum value, and
% Vl = 0 ror following materials, The time increment should be approx-
%& imately the same for all the materials used.
%’ Equation (38) is solved for each material and the smallest value is

used,

7

AP

: ¥
E % Other required material functions are:
*5
E % F o= &t/{p Cp'i')1 (39)
%
%\’Z 1 T
3 F,,= ) () (40)
% 2,3.. (T m -E‘m‘l
% and
£ B, = at (—) 41
% m= 2t (em) (41)

34

where m is the number of the material.

d. ©Cne Dimensional Temperature Distribution :

The basic heat balance for amulti-material skin is developed
below,

NL

Total rumber of layers for all materials plus end
point (limited to 15 in program).
L. = Number of iocal point, from I to NL,

NMAT = Tectal number cf materials {limited to 3 in program).
M = Number of material, from 1 to MTMAT.

T = Temperature {for each point at the present time step.

T' = Temperature for the point at the previous time step.
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The temperature increment, AT, for any point is the temperature
difference between the present and pravioue time steps.

AT =T - T (42)

Then temperature increments batween local layer and other layers
at previous time step are defined.

DI = T‘L.i.x - T'L (43)
D,=T'g,., - Ty, (44)
D,=T', - T, (45)

For all cases, heat in = heat out + heat stored, or
Qin = 9out * 9stored

{1) Multi-Slab Materials. The multi-slab materials are
shown in Figure 7.

interface between materials

/ .

t | S D

Qip */ | l<-1’1 —p i " l : | ;
2 ol T | TNL-2
g N R e T B . 5
{ | 7% : P | '

/ i ; ) i J i i

Ve m=1 in= 2
Qradiative

TNL = innermost
point

Figure 7. Multi-Slab Materials

(2) HeatBalanceat the Air Flow Side of Slab., Heat
in = qjp = H {Tpec - T,) = Aerodynamic heat transfer rate, Heat out
is the heat transfer to surrounding atmosphere plus the heat transfer
to the next thickness.

qout €0 (Tl- 'I‘tw)4 + k (Tl - TZ) I

14
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Heat stored is the heat remaining in the first thickness:

qstored= 0.5 ATI/FI
Trec = TS[H- 0.5 (Yg - 1) RMSZ}

For a Sphere: Yg = 1.4 .
For a F,P, or Cone: Yg is defined by Equation (57).

Equation (28) defined Q, for a sphere when the local velocity is

greater than 6000 ft/sec, but for other cases,

Qw =H(Tpec - T,)

Q=Q, - ¢ (T,/100)" ,

47)

(48)

With the heat balance gin =quyt =Qstoreds the outside skin transient

temperature for a slab is

. : 1
T = T1+ 2[F1Q+B1D1J .

(3) Heat Balance Around Interior Points.

Qin = k(Tm - Tm) /™m
Qout = k(T -Tmy) /™m
PCLT
QStoredz—z—f' (T-T7) |

The temperature at each small layer within the material is

Ty, =T, + Bm[Dx + Dz]

where

(49)

(50)

15
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{4) Heat Balance at Interface.

D,+FmD
TL:T|L+2__L1_.___..J_.

._.______.,Lf.m
Bm-l Bm

where L is the point between materials m and m-1.

{5} Heat Balance at Innermost Point,

(6) Thin-Wall Followed by Multi-Slab Materials. The
thin-wall followed by multi-slab materials is shown in Figure 8,
| !
amd Ti ] <l am——— TZ ————
9in > | l
T, T» Ts
el } i l
¥
R | |
Aradiative . {
e D o R e el ¢ L1 .
Figure 8, Thin-Wall Followed by Multi-Slab Materials
For a thin outer wall, wher NLAY, = 1.
Qin = H (Tpec - Th) »
where T__. is defined by Egquation (46)
dout = Iradiative D,
and
_ Jteeoms, | i
Ustored = | 3af T F, (T, - Ty) .
Then
Q+k, D ]
T, = T) 4 2 273 53
1= T 5578, * /T, {53)
16
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For a thin wall, the temperature is assumed to be constant through the
entire thickness, thus

b ey
okl 20

= =
T, "',Tx (54) ”ss
{7) Multi-Slab Materials Followed by a Thin Wall. The TR
multi-slab materials followed by a thin wall are shown in Figare 9. ) 5
interface between N
f slab and thin wall
l4"NMAT-.1->~&—- o] A
l | TNMAT
' > »1 TN, o
‘ { TNL-1 s
I
> m = NMAT - 1-——>!<-m = NMAT -
igure 9. Multi-Slab Materials Followed by a Thin Wall
- - - I - - It
For a thin irmer wall, when N"'AYNMAT 1:
2D;
D 5 -
TNL - ] 7F (55)
Bm.a  Bm .

where m = innermost material = NMAT,

then

NL = TnLar -

since the temperatuore is assurned constant through the thin material,

N
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% e. Specific Heat Ratios for Air
l A correlation for specific heat ratio for air is
]
3 ’
: - Cp = f{7T) ) (56) .
Where T = 0 Cp= 0.24 ‘
= 800 = 0.24
: = 1700 = 0,27
: = 3000 = 0.29
: = 5000 = (.31
= 9000 = 0.32
= 11,700 = 0.40
T = 14,400 Cp= 0.45
Viocal = Cp/ [Cp - Rg/d ] (57)
where
ft - 1b
: J= 778 ——E—{u——x ga -
o . & f. TFlignt Environment
. ' f The IBM 1620 digital computer program bhas the ARDC

: 1959 atmosphere subroutine as an integral part of the transient aero-
dynamic heat transfer calculation. Appendix B lescribes this subroutine.
In addition, a coustant altitude and/cr constant local flow properties flight
environment, such as wind tunnel testing, is included in the computer
routine for flat plate or cone. The symbol, NCFIT, determines whether
trajectory data or a constant value for altitude is used, If NCFIT is

given 0, constant altitude, local Mach number, pressure, and temper-
ature are given.

3. Conclusions

The ae:vdynamic heat transfer and transient temperature
distribution computer program described in this report provides an
economical preliminary design capability for heat transfer analysis. |
Comparison of transient temperatures with PERSHING Ballistic
Missile flight test data® and with more sophisticated aerodynamic heat
transfer digital computer programs indicates very good agreement.

18
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Appendix A 7 4

k3
A =
FORTRAN PROGRAM AND ITS USAGE g - - 3
1. Fortran Program Statements - %
g
it A
C TEMPERATURE VS TIME FOR LAYFRS OF SPHEREs FLAT PLATEs OR CONE o
C COMPILED ON IBM 15620 40K BEGINNING AT 08200 . %
C SW 1 ON -- FOR CARD OUTPUT AT ALL TIME STEPS - iy AT
C SW 2 ON -— FOR CARD INPUT OF —~=——=me DTIMEs DTOUT» TLO» THI ) u
C SW 2 OFF - FOR TYPEWRITER INPUY OF —— DTIMEs DTOUTs TLO» THI =
C Sw 3 ON -~ TO END RUN, OUTPUT LASY STEP, 8RANCH TO NEXT CASE
C TEONY = TYPF OF BODY -3
C = 140 FOR SPHERE- -« NCFIT = 2., 3
C = 240 FOR FLAT PLATE ~- NCFIT =5 OR O Ty
C = 3.0 FOR CONE -- NCFIT =5 OR O 2
C NCFIT = NOe OF CURVES FITTED -~ 5
C = 6 FOR F.Pe OR CONE -~ GIVEN CONSTANT LOCAL My P- Ts ALT :
C = 2 OR 5 -- CURYES FITTED ARF —-weweseeee 3
C 1e ALTITUDF VS TIMF -
C 2. VYELOCITY VS TIME s
C 3. LOCAL M VS FREE STREAM MACH NUMBER ¢
C 4. PS/PF VERSUS FREE STREAM MACK NUMBFR ]
C 5. TS/TF VERSUS FREE STREAM MACH NUMBER; -
C SPHERE —~=w~=- TH=FOSITION ANGs RNORY=NGSE RADIUSs QRRET= Q RATIG B :
C FaPse OR CONE —-— TH=IDEMTIFYING ANGs RNORY=SURFACE L, QRRET=RET : -
C NMAT = NUMBER OF MATFRIALS -~ 15 25 OR 3 *
C NL = TOTAL NUMBER OF SKIN LAYERS + END POINT —-- MAXIMUM = i5
C SUBSCRIPTS~-§ FOR LOCAL-~F FGR FRFE STREAM

1000 FORMAT (1H ) -
1001 FORMAT (1H 42H TEMPERATURE VS TIME FOR LAYERS OF SPHERE) T
1062 FORMAT (1H 46H TEMPERATURE VS TIME FOR LAYERS OF FLAT PLATE) .
1003 FORMAT (1H 40H TEMPFRATURE VS TIMF FOR LAYERS OF CONE}) .

1002 FORMAT (1H 20H DTIME FOR EACH MAT) 3
1005 FORMAT { 4E15e8s 135} T
1024 FORMAT (1H 48H SW1 OUTS Ati STEPS--Swk2 CARD INPUTS & TIME VALS) -

1025 FORMAT (1H 18H --- Sk 3 ENDS RUN)

1034 FCRMAT- (1H 45H INPUT--DTIME+DTOUTsTLO,THI~~ON 4 LINES BY T¥! o
1054 FORMAT (1H 22H APP 1620 HIN REQUIRED) =
1006 FORMAT i 115) B
1007 FORMAT ( 1E155s 115) » .
1008 FORMA} i.H 49H DTIME= DTOUT= TLO= THI=) o
1009 FORMAT (iH 37H THETA= = RET=) Sz
1010 FORMAT (1H 36H THETA= RN= OR=) -
1011 FORMAT (1H 44H  TMELT= QEFF= FMISSIVIYY=) :
1012 FORMAT (:H 46H MATERIAL -- DTIMEs My K, RHOs» CPy TAUT, NLAY)

1013 FORMAT (1H 35H -—- FCR EACH OUTPUT TIME STEP ---) -
1014 FORMAT (IH 39H TiME ALTSXFT  VEL,FT/SEC RE)

1015 FORMAT (1M 49H QW QDOT H TAUAB --— HEAT COEFFS)

1016 FORMAT (1H ¢2H MACH NDe PRESSURE TEMPERATURE -- LOCAL)

107 FORMAT (1H 484 MACH NOe PRESSURE TEMPERATURE -~ FREF STREAMY
1013 FORMAT (1H &43H [<MPFRATURF AND COUNY FOR FACH SKIN LAYFR)

1019 FORMAT (1H 42H TIME, ALTes VEL --~ AT WALL MELTING POINT)
DIMENSION  ARP{11+42)»TFMPUL1S) cTEMPLI1IS)sCONIE+15) sRUM(S)
DIMENSION RHGU3)sCP(3)sTAI3)9CI3)sF(3)9F{3)eV(5)

RLEAD ATMOSPHFKIL PROPFRTIES FROM AP TABLE OF APPZINDIX B

N0 1 K=isll

e

READ  1005s ALTS TF s PF
AD{Xy1) = AT # 3,2808333 {B-1) _
£PI{Ke2) = TF # 1.R (B -2} )
H AP(¥X,2) = PF ® ,N207854 -
(B-3)
PRINT 1024 -

PRINT 1025
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INP'.T FOR EACH CASE ~- BEGINS AT STATETMENT 2
PUNCH 1000

PUNCH INnO

RFAD 10n7s TRODY» NCFIT

READ 100nL, TH, RNORY s QRRET
READ 1005+ TMELT, QE E

Y = RINORY

RET = ORRET

PRINT 1000

PRINT 1000

IF {TRODY=~2,0 ) 301, 302, 303

PUNCH 1001

PRINT 100}

PUNCH 1000

PUNCH 1010

QR = GQRRET

SQRD = {Z2.¥RNORY)*#%,5

22 = 1e522036+TH¥{1¢536913F-0U3+THR(=3,701802E-04+TH*2,668E-061) (9)
PSVPT = 140 = (95T#SIN(TH/57.20578) %22 {(24)
60 70 304

PUNCH 1002

PRINT 1002

PUNCH 1000

PUNZH 1009

HX = 1+0

GO 10 304

PUNCH 1903

PRINT 1003

FUNCH 1080

PUNCH 1009

HX = 3,0 #% 8§ (52)
PUNCH 1005s TH» RNORY ¢ QRRET

PUNCH 100G

PUNCH 1C11

PUHCH 1065 TMELT» QE,
PUNCH 1000

PUNCH 1012

PRINT 1000

PRINT 1004

READ 1006s RMAT

NL = 1

MATERIALS LOOP -~ COMPUTE MINIMUM DTIME FOR EACH MATERIAL

vZ = 10,

NO &4 M=] NMAT

READ 1005 C(M) RHO (M) » CP{M), TAUT NUM(M)

V1 = NUM(M}

TAUIM) = TAUT/VI (37)
NUL=ENL+NUM(M)

NUM(M+1) = 0.0

FIM) = RHOIM)I*CPIHM)®TALI (M}

TEMP(M} = TIM)/TALIM)

m

DTIME = SREIMY/(TFMPIMI+V?) (383
Y& = NN

PRINT 10107y DTIME, M

PUNCH 10GT7s DTIMF, M

PUNCH 1005y C{M}» RHO (%) CP(R), TAUT NUM (M)

IF (SFNSF <#{TCH 2 )} 400, 40]

READ 1905, DTN, orouT TLO» THT
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110

PRINT 1034

ACCEPT 1005, DTIME

ACCEPT 1005 prouT

ACCFPT 1005, TLO

ACCFPT 1005, TH!

NT = (THI-TLO)/DNTIME + 1, (A-1)
T1620 = NT/10 *NL/4 (A-11)
PRINT 10564

PRINT 1005s T1620

PUNCH 1000

PUNCH 1008

PUNCH 10055 DTIME, DTOUT TLO TH1

DO & M=1,NMAT

FIM) = DTIME/F{M) {39)
RIMY = F(M)*TFMP (M) (44)
1FIM=1) 5¢ 69 5

F(M) = TEMPIM)/TEMP (M~1} (40)
CONTINYE

NLI=NUM{1)

NL2=NUM({2)

READ INITIAL TFMPFRATURES AND COUNT
DO 7 L=1sNL

READ 1007 TEMPL (L) L1
G = le4

GHM1 = G-1l.
GP1 = G+1.
Gl = le./GM1
G2 = 2./GM]
RG = 1716
GA = 324174
QAB = NeN
TAUAB=0.0
ABOUT=0.0

PUNCH 1060
IF (MCFIT) 99 64 G
CONSTANT LOCAL VALUES GIVFRN

RFAD 1005, ALTS VFL

READ 1005, SM, Pca T<
PUNCH 1016

PUNCH 1005y SMy PSSy 1%

PUNCH 1000
PUNCH 1013
PUNCH 1014
PUNCH 1015
IF {(NCFIT) 10y 11s 10
PUNCH 1016
PUNCH 1017

PUNCH 1018

PUNCH 1000

TIMF = TLO

N = 0

TIMFE <TEP LONP -- N=COUNTFR

N = R &+

TW = TFMOL())

L1 = 1

X = TIVF {A-2)

IF (NCFIT) 12y 4C» 12
CURVE FITS DATA LQOP
NO 35  JI=1NCFIT
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23

25
26

4310
411

24

I (N-11 15, 13, 15

READ 1006 NUM(T) -

L2 = NUM(T)+L1-1

50 14 L=L1sL?

READ 1005, CON{isL}, CON(2sL)

READ 1005s CON(3sL), CORt4st )y CONISsL) CON(6+L)
L2 = NUMIT) + L] ~ 1

N0 20 L=L1sL?

TF(X=CON(25L1) 22y 224 20

CONT TMUF
t = L-1

L = 12 + 1

FX = {X=CON{I1sL21/(CONI2+L)~CONIT0L)) (A-5)
Vil = CON(?-L)+FX*(CON(4'L)+FX*(CONlS,L)+FX§CON(6aL))9 (A-4)
IF (1-2) 35, 23, 35

ALT = V(1) (A-6)
VEL = V(23 ?A-?
ALTF = 2n856000.%ALT/ (208564 +ALT) B-4
DO 25 K=2s11

IFCALTF-AP(Ks1)1 25, 25y 25

CONT INPF

K = ¢}

DALT = ALTF-AB(K,1) {B-5)
TS = 1AP(K+192)=AP(K 4215/ tAPIK+1413~AP(Ks1)) (B-7)
TF = AP{K,2)4DALT=TS (B-$)
PF = AP{K93)/EXP{eN18TO¥DALT/AP(K»2)) (B-8)
IF(ISy 27y 28, 27

PF = AP(KS3)¥(APIK»2)/TFI*51,01879/T5) {(B-11)
DF = ,01879#PF/TF (B-13)
FMSQ = VEL#VEL/ (RGXGETF)

FM = FMGO*#,5 (B-14)
X = Fm (A-3)
IF { TRONY=1e )} 35, 30, 35

SPHERF ~~ LOCAL M, P, T

SMSQ = G2R®(PSVPTE#(~GM1/G)-1.0) {25)
SM = SMS%%,5

PS = PF*PSVDT*(.S*GPI*FMSQII*(G/GMI)*(GPI/(Z.*G*FMSO~GM1))**Gl {23)
TS = TER(G2+FMSGI/{G2+5M5G) (27)
TV = Tw

GO TD 41

CONT INUE

FLAT PLATE OR CONE -~ LOCAL My P, T

SM = v(3) (A-8)
PS = v{4)%pPF {A-9)
TS = V{5)1%TF {A-10)
TV = 79

SMQN = SMRGM

TRPEE AND COP -— FOR ALL CASES

REs CPSe CPREFs AND NEW GAMMA -~ FOR CONE OR FLAT DLATFE

TREF = (5% {TWATSR(14N+.0782GM5G}) {11)
YREF = (249F-06 2TREF*EN,63 / GA (13;
CREF = 114997 * URFF (12b)
IF (TREF=1000.) 410, 411, 411}

CREF = 423791763E-06 * TREF*#],583 [IFF~1G8.6) {(i2q)
[aTo BN V3] T=14?

L oL T A 156)

TFITV-8004) 46« 464 4
V1Y = 4219784
VI2) = 00002660

R
SR
R },.e’
2E, b
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VI3) =~,172760F-08

iF (Tv=%000,) 45, 45y 43

Vii) =-4091110

Vi) «NOOOSEN2

V(3 ©«137174E-08

COP = V(1Y + Ty * VI2) + TV & v(3y ,
GL = COP/(COP-,068573726)

CPREF = cop

PRREF = (RFF * CPRFF /7 CREF % na

IF (t-1) 50, 48, 50

CPs = cop

RE = 10634464%p5egMay *GL¥% 5% (TS+198.6) /Tok*2

TV = TREF

IF (TBODY~1.0) 50, 70, 50

CONTINUE

FLAT PLATE OR CONE -- LAMINAR CONSTANTS

R = 0.85

Cl = .33 (30)
EX = 0,5 (31)

IF (RF-RET) 60+ 609 52
FLAT PLATE OR CONE -- TURBULENT CONSTANTS

R = 0.892

CC = ,01396 (33}
FX = Ne85 (34)
IF (TRODY-3.) 30, 5S4, &0

HX = 24/3,%%,¢ (35)
FLAT PLATE OR CONF -- HEATING COFFFICIENTS

H = ({TS*GL/ RG I *R S SAPSRCHY/TREF ) vuF Y

H = CC* GA *HX ‘¥ (UREF /Y J*E(14<EX) * CPS/PRREF**.66666667 (29)
GO 10 79

RE = NGl

IF(VEL~-6n00.) 78, 76, 76
SPHERF -~ VELOCITY EQUAL TO CR GREATER THAN 6000 FT/SFEC

ow = 6N06*TF + (SxVEL#VE|

Qw = Ow-??S.*GA*COP*Tw;/lOW—3246100.)i(VEL/10000.)**BoYS*DF**oS

OW = 4412,4104 * QW ®* QR / SORD {28)
H=0.0

GO 10 80

SPHERF -- VELOCITY LF<S THawm 600C FT/SEC

R=085

GL = 6

21 = {(1et+Ta/FMSQ) ¥ ¢ .l%9§(7.~1./FH§0))*ﬁp.ﬁ)#;.;g {8\
Z3 = CREF*PRREF*%.4 / (TREFXPEFj 5%, 5 (10}
H = .5 % 21 % 722 » 23 &« VELEDPS/RG )#%,5 / <opD (15)
TRFC = TS*¥(1e+o5%(5L~1,)2R%SM80) 546;
QW = H * (TREC~TY) 47)
QpoOT = QW-E*!TW/1004) 2547 ,48095F 05 (48},
Moo=

IF (N-1) 800, A&y 800

LAYFR TEMPFRATURF LONy

DO 92 L=1snt _

I {1L-1) 83, 871, 32

WALL TEMPIRATURE INCRFMENT

DTEMI® = 2-*€F(M)*ODOT*H(Mi§(TEMPL(?}-TEMPL(]J)3 49,
IF{NLTI-1) 89, 82, 89 i
THIN WALL TEMPFRATURFE TNCRFMENT

DNTFMP = TEMPLI3)~TEMPL (1) {45)
DTeMdp = 4TAU(?}*QDOTWizzﬁf\fFWP)/(.%*r(;)/mzHTAmn;c;1 1)

TEMP(1) = TEMPL{1)+DTFMP

25




T AT TR R A

S SEE E SNe

AT T TS R TN W R e X E et

Vi meshan e e v

b v

Pony

XY (AN B o J ORI,

e

DTEMP = 24 % (( DIAFiM)+D2) / {1e/B(M=11+F(M)/B(M))) (51)

(55)

(A-l;Z)
(A-IS)'

RF
TAUAR

L = 2
GO0 TO 8’9
83 D2 = 1EMPLI{L=-1) - TEMPL(L)
C END POINTY TFMPERATURF INCRFMFANT
DTFMP = 2,%¥B(M}*D?
IF(L~-NL) 84y 89 84
34 D! = TEMPLI(L+1)-TEMPLI(L}
C INTERIOR TEMPERATURE [MCREMENT
DTEMP = R(M)} * (Di+D2)
IF ¢ NL1+1-L ) 86s 85, 89
85 M =2
GO 10 88
86 IF { NL1+NL2+1-L) 89+ 87 89
87 M = 3
C INTERFACE TEMPERATURE INCRFMENT
88
1F (NL-1-L) 89y &80, 89
C INTERFACE AND END POINT TEMP INCREMFNT FCix THIN INNFR MATERIAL
880 DTEMP = 2,%D2/{1+/B(M=1)1+2 ,¥F(M}/B(M})
TEMPIL) = TFMPL{L) + DTEMP
L = NL
C LOCAL TEMPERATURE
89 TEMPILY = TEMPLI(L)+DTEMP
IF(TEMP{L)~-TMELT) 92+ 9C0s Q00
900 TEMP (L) = TMFLT
IF (L=1) 92y 90y 92
C MELTING POINT FOR WALL
90 QAS = NAR+QDOTH*DTIMF
TAUAB = 12.*QA3/(QE*RHO(1))
1F (ARQUTS 92y 91s 92
91 PUNCH 1019
PUNCH 1006s N
PUNCH 1005 TIME, AL T, VEL
ABOUT = 1.0
g2 COMT INUF
no Qz2n Lt =1 oML
920 TEMPLI(LY = TEMP(L)
IF (SFNSF SWITCH 3) 95, 921
921 IFISENSE SWITCH 1) 954,93
93 IF(TPRNT-DTOUT) 99+94,;99
94 TPRNY =040
95 PUNCH 10Nn6s N
PUNCH 1005y TIME, AL Ty VFL
PUNCH 1005, QW, QDOT Hs
TFINCFITY 97497496
96 PUNCH 1005  SM, PS, TS
PUNCH 1005, FM, PF T1F
97 D0 98 L=1sN!
28 PUNCH 1007 . TEMPLI(L),
9¢ TIME= TIMF DT IMF
TPRNT=TPRNT+DT IMF
1F (SFNSF S¥ITCH 33 2. 100
100 IF (TIME-THI) 110 110, 2
END
26

é

O

A

PSRt A0 X

—y -

et 3V a0 )
4418 ara

,,24

RTINS S

o
Y




o
% .,‘éﬁ.’

R

3
By
o g

P e

LS 4 RIS R I I IR T P g , .
EA Y, i ,ﬂﬂ. < ..M & mxw.n,_mmh&: | mm. ST . ¥ )
. .,r:rmmg S [ ot
Pt b . \
..—n. i LR, TR . .
o~
~N
q . - ‘ ) 5L ‘s W €1
» 0 = LIJON
uIM TIA 11V 21
t 'y y y oy "
uawBag yoey 0 # 113D0N 1
uay M IHX "X or
saang yoey
¥ DISN 3
woq pba + ‘ 1 Tawal ]
uu>m4¢:uam ; )
S THY oL InoYa TR T
T Iy -
, Euu:wz* yoegy ases 4y M AvIN “10Ls Wy V¢ k! 9
N « 3 .
LVWN S
’ oy MLENL ¥
, 134 0 uD | A 1o N¥ 0 ! ¢
IIADN stiogl 4
, o2uQ ATu0 Mg M. L w1y 1
b spaen dVv [ Peay SUOIMON WL
m 59~ ¥9 0z - 61 s-¥ 09 - 9¥ TEEG o€ - 91 RN ¥
| PRRENGY X ToY FUETLI ST
§ PIPIIN ,
h goWL Y Jo I9quny - vieQ Utod poxyg eieq wiog Suyeory )
C . jewrzo g anduy 7
&
4 .
R IR GG R S G AR ARSI SN owEs s RN
' v




- 2 s

R '{Fﬁj‘ﬂ'ﬁ;ﬁf\sww

3. Input Comments

1) Eleven Atmospheric Properties Data Cardz, as described

in Appendix B

2) TBODY = NCFIT =
Snhere 1. 2
Flat Plate 2. 5 or?
Cene 3. 5o0r0

When NCFIT £ 0, the curves needed are

Curve I: ALT, ft vs Time, sec 4 t
Sphere
Curve II: VEL, ft/sec vs Time, sec ¥ FP
Curve lIll: Mg vs M or
w0 Cone

Curve IV: Py /P _vs M
<0 o0
Curve V: T /T vs M
S 0 o0
3) Sphere: ) RN QR ;
FP or Cone: Q Y RET
(6 is used for identification only for flat plate or cone)

4) Melting temperature effective heat of ablation and

emissivity of wall material.
5} Number of materials = 1, 2, or 3.
6} Material properties, where m = 1 to NMAT.

Sum of layers cannot exceed 14. NLAY cannot = 4.
7) Time inputs: By card - SW 2 ON. By typewriter on 4

lines - SW 2 OFF

Total number of tirne steps

\'IP‘I-TLO)/DTIME + 1.

i

NT
NT

8) Initial temperaturss for each laver and end point. Ll is
input as convenience to use ouitput TEMP cards to restart - does not

(A-1j

necessarily equal L.
9} Number of segments of the curve. Total number of seg-

ments for all curves cannot exceed 15. .
10) Limits of segment:

X
X

Time, for Curves 1 and 2 {A-2)

Mw, for Curves 3, 4, and 5 (A-3)

28
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11} Coefficients of the normalized cubic equation:

V= Ay + A (FX) + A, (FX)? + A (FX)3 (A-4)
where | o R \ )
F, = (X - XLO)/(XHI - XLO} (A-5})
and
V, = ALT {£.-6)
V,= VEL (A7)
Vy = Mg (A-8)
Vy= P /Py (A-9)
Vo= Tg/ Ty {A-10)

12) Constant local conditions, given for flat piate or cone when
NCFIT = 0. ALT and VEL are used for identification only.

4. IBM 1620 Operating Instructions

a. Compiling and Starting

1) Compile Fortran program on IBM 1620 40K digital com-
puter starting at 08290 raemory core. i
2) Load object derx. Check console switches.

b. Console Switches

1) SW1 ON For output at all time steps

¢ 2) OFF For output only at time steps determined by -
DTOUT | -
3) SW2 ON Card irput of time values--DTIME, DTCUT,
T1.93, THI
4) OYXF Typewriter input of these values
5) SW3 ON Ends run, prints last time step, braaches to
next case
6} SW4 OFF During typewriter input
7) ON To make corrections in typewriter input
29 =




c. Typewriter Outpat and input

: The tirme increment, At or DTIME, is calculated for each

material and printed. Operator determines At from smaller vaiue, then
inputs four time values by typewriter--unless SW2 is ON. The computed . ,
values for DTIME should be approximately the same for all materials S
used. DTOUT must be an e>act multiple of DTIME., :

A rough estimate-of th. machiae time which will be rejuired is ) A
printed. This enables the operator {> leave the machine and plan for ] -
addit:onal machine time, if necessary. 1

T1620 = NT x NL/40 ~ (A-11)

'}f;‘ypew_r}ter ‘input an’ output for a sphere (Example 1) follows: B

SW1 OfJTS ALL STEPS--SW2 CARD INPUTS 4 TIME VALS
SW3 ENDS RUN

TRt A R R L T < A S R PR T

TEMPERATURE VS TIME FOR LAYERS OF SPHERE

DTIME ¥OR EACH MAT

N R

274.09802E-04 1
300, 54519E -04 2
317.39871E-04 3
INPUT--DTIME, DTOUT, TLO, THI--ON 4 LINES BY TY
. 6Z5RS _ ;
. 5R5 -
! 16. RS
{ 18. RS

APP 1620 MIN REQUIRED
: . 13900000%4+02

d. After Ablation

1 When the wall temperaturevreachOS the given melting tem- l »
perature, TMELT, ablation begins. Aftcr this point the compuced values
§ for the temperatures of each layer may be doubtful since only a simple
z procedure is included for this ablatioa.
§ Qap = Z (Q 4t), while T, 2 TMELT (A-12)
% ] TaB =12 Qap / (Qess £ (A-13) L
%; .
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The problem may be terminated before reaching the upper
time limit, TH1, and started again later as follows: )

1) To terminate: Turn SW1 ON to putput values at all time
steps--tc determine suitable TIME to restart. (SW3 on outputs last time
values only then branches to next case) Save the cards for temperatures
at each layer.

2) To begin again: The original input values are used
except TLO = TIME and initial temperatures for each layer and end point
are from last time step computed. The time vazlues: DTIME, DTOUT,
TLO, and THI may be input on one card, instead of by typewriter, if
SW2 is ON., :

| §
e. Terminating and Restarting A ’

5. Example Runs for Sphere, Flat Plate,and Cone

Case 1 is a sphere consisting of three materials: beryllium
(4 layers), molybdenum (3 layers) and a thin inner wall of aluminum.
The nose radius is one foot and the position angle is zero degrees. An
initial time of 16 seconds is given to utilize all heat coefficient
equations--those for velocities less and greater than 6000 ft/sec. Type-
writer input is used for DTIME, DTOUT, TLO and THI for Cas= 1 only.

Case 2 is a 4° flat plate, with Y = 2 feet, and composed of a thin
wall of beryllium and a slab of molybdenum. Altitude and velocity data !
are the same as for Case 1, With initial time of 16 seconds and transi- '
tion Reyncids number of 22500000 both laminar and turbulent boundary
layer equations are used.

Case 3 is a 4° cone with all input data the same as for Case 2,
except no curve fit data are used. Constant altitude, velocity and local
properties are given.

6. Input Data for Examples
(Switch 1 on for first stepsj
{Switch 2 on for Cases 2 and 3)

0. 288.16 101325, AP59 1
11000. 216.66 22632. AP59 2
25000, 216,66 2488. 6 AP59 3
47000, 282,66 120,444 AP59 4
53000. 282, 66 58. 3215 AP59 5
79000, 165,66 1. 00946 AP59 6
90000. 165, 66 . 104438 AP59 7
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105000.
160000,
170000.
700000.
1.0
0.0
2805.
3
.0134"
..01747
. 02333
540.
540.
540
540.
540.
540,
540.
540,
540,

0.0
16000.
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225, 66
1325. 66
1445, 66
3325, 66

1.0

3000.

o W =
® o b
o OO

)

bt bt bt ot Pt bt femt e e et N e

18.
-255, 25706

18,
4370,0192
5

2.

3000.

114.9
636.8
.50

[ SO VP W g

18.
-255.25706

18.
4370.0192

. 745265E-02
. 362003E-03
. 282362E-03
. 000000

1.0
0.8
. 6968

. 0634
. 2440

48,9861

-16559. 985

22500000.
0.8

. 6968
. 0634
16.

48.9861

-16559. 985

. 032 4
. 0153 3
. 006 1

-93.729
-810.016
. 008 1

.0153 3
18.

-93.729

-810.016

AP59 8
AP59 9
AP59 1C

APSG 117
SPHERE

FLATP

BERYL
MOLY

o
o

v




. A
1.5 3.0
1.4690000 1.4689996  _ 013494600 -. 00450200
3.0 6.0 )
2.92 2. 8634991 -. 09449200 -. 00000500
6.0 10.
5. 689 3,5613287  -. 18000000 -. 00532700
10. 20,
9.065 7.9674930  -1.2445000 . 03500000
4
1.5 3.0
1. 045 . 07599960  -. 02249760 . 03149860
3.0 6.0
1.13 . 19699980 . 09450330 -. 03150230
6.0 10.
1.39 . 49766601 -. 05000000 . 10933290
10. 20.
1.947 1.5800819 . 95175000 -. 13583300
4
1.5 3.0
1. 01231 . 01994460 . 00153250 . 00139350
3.0 6.0
1.0351800 .05312460 .01116250 -, 00076650
6.0 10.
1.0987000 . 09385967 . 0208000 -. 00414070
10. 20.
1.2092 .31294110 . 09418250 . 00802500
3.0 0
4,0 2. 22500000.
2805. 3000, 0.8
2
. 01347 114.9 . 6968 . 008
. 01747 636.8 . 0634 .0153
. 025 .50 16, 18,
540, ]
540. 1
540. 1
540. 1
540. 5
45,98 6231,
6.076276 425,852 432.5785

5 ; S ':‘C"*f;":’%\' S Ty
%”jzg?,» e G ke S 2

2

CONE

BERYL
MOLY
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7. Output Data for Examples

a. Temperature versus Time for Layers of Sphere

IHFTA= RN= - QR=
»0NNONO00F-92 L100N00NOFE+01 (100N000NE+N]
THELT= QEFF= EMISSIVITY=
«28050000F+0% +30000000E+n4  (B80ONNONNOE-OQ
MATERIAL -— DTIMEs My Ks» RHO» CPs TAUT, NLAY
276,09802F-04 1
«13470000F~01 «11490000F+N3 LH9680000F-10 L800NNNONE~-D2
AGN,54519F =04 ?
«17470000F-01 +63680000E+03  ,634000060E~-N1 +51000000F~02
317.39871F-04 3
«23330000F-01 +16860000F+N3 ,244000008~-CC +60NPO00D0E~D2
DTIME= DTOUT= TLO= THI=
125000000F-01 +50000000F~00 L1E000000F+N2 L1750000GF+02
#%~ FOR FACH QUTPUT TIMF STEP ~—-
TIME ALTKFT VEL»FT/5E5C RE
Qw enoT H TAUAR —--~~ HFAT COEFFS
MACH NO. PRESSURE TEMPFRATURE -- LOCAL
MACH NO. PRESSUPF TEMPFRATUPF —— FRFF STYREAM
TEMPERATURE AND COUNT FOR EACH SKIN LAYER
1
«16N0000O0F+02 +45981030F+02 LA23112908+04 ,LN0NOONONF~99
«83836260F+02 (838322989F+02 JNOONOOONF-29 L00GONNONF-99
+00000000F-99 415872714505 L,362233€4F+n4
«643T75182F+01 #29491558E+403 38998800E+03
540 ,00000F-0N 1
R40,00000F-0NN 2
840, 00N00F =00 3
540 ,00NNNF 0N 4
540 ,AONNOF NN 5
840 ,00000F.NN 6
540 ,00000F-N0 7
S40,00000F-N0 8
54, H0NNOF~0N ‘9
2
« 16N290NCF+D2  +45438510F+02 e61G36QTNEF+04 H4ONONNNNNNF-99
+B83333656F+N?7  L83330385F+02 dNOBDCONNF <99 ,AONNNCNNE-Q9
2 OCOACNDOF -G L16NQT7295F +05 (ISR3IHI2SNF+N4L
«H398TH34F+01 302691475 +n3 ,I89°8800F+03
546450511F-00 ]
Q40 ,N0NNOF-0N ?
S40 . N00N0F NN 3
540 ,00N00F -0 4
540 ,000N0F =00 5
K40 ,N0NANE AN 6
40000007 -N0 7
R40 ,ADNNNF -0 8
a0 ,0I00NF -0 G

Y
L ]
L]
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2
«1615C000F+02
¢ 19992439F+02
« 00000000E-99
«62038092F+01
568,40264F~00
544448412F-00
54N 41221F~00
540,4,6G2213F~NN
540, 00094E~-CH
540,00007F-0n
540,00000F-00
540 ,nN00DOF-00C
540 4,00000E-00
8
«16175000F+02
«88532884F+02
«00NO0000OF-99
26164594 7E+01
572.16971F-00
545,78844F -0
540 ,65418F=00
540,04637F-00
54n,00287F-00
540 ,00040F ~00
540 ,00N028~00
540 ,00N0NF-DHN
540,00000F~00
Q9
«162060000E+02
«87703263E+0?
« 00000000F~99
«61253071F+01
575454830F-00N
547.18479F-00
540,95165F-00
54008345F~00
540,00669F~-00
540,00126F~00
541,00016F=-00
540 (NINONF-0N
540,00000F7 0
10
«16225000F+02
«868770863F+02
« ONNO00O0F-99
«60B59443E+01
578.60184F-0N
548,63920F -0
541430423F-00
540,13546F~00
540 ,931322F=-0nN
540,00306E-00
540 ,00055F-00
540,.00003F-00

°

«42714160£402
«79988578E+02
«17253935E+05
+34495806F+073

OO NN WA -

«42166950£402
+85528868E+02
«174691837E+05
«35413596E+03

OB~V WA~

+41618950£+02
«8769G5140E+02
«17731226F+05
«36367234E+03

WO O W\

«41070170E402
«86872841F+02
«17974121F+05
«37327468E+03

WV~ NS DN -

«60049130F+04
+N0000000F~99

«33919010E+04 -

~38998800F+03

¢59669560F+0¢4

1
«31781581F-01

«33540708E+04
«38998800E+03

+592892305+04
+31959027€-01
+33164106E+04
+38998800F+03

¢58908270E+04
«32136568E-01
«32789192F+04
+«38998800E+03

« AONON0OBF -39
«00000000F=~99

«N000D000F-99

s00000000E-00

«00900000E-9¢
«(010000000E-99

s00000000E-59
+«N0N0O0000E~-99
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b. Temperature versus Time for Layers of Flat Plate

THETA= Y= RET=

«40000000E+01 «20000000F+01 22500000€E+08

TMELT= QFFF= EMISSIVITY=

+2B056000F+046 +30000000E+C4  (8000ANONE~-NO

MATERTAL ~~ DTIMEs My Ks RHG3 CPy TAUTs NLAY
274,09802F-04 1

+13470000E-01 +11490000€+03 +69680000E~00 +80000000E~0%
300454519F-0¢& 2

+17470000F-01 «63680000E+03 ,63400000E~01 +51N00000E=02
DTIME= DTOUT= TLO= THI=
+25000000€£-01 o50000000E~00 +16000000E+02 +18NN00COF+02
*%#- FOR EACH OUTPUT TIME STEP —=.

TIME AL ToKFT VELsFT/SEC RE

oW QPoT H TAUAR ~—-— HEAT COEFFS

MACH NOe PRESSURE
MACH NO. PRESSURE

TEMPFRATURF -~ LOCAL
TEMPERATURE -- FREE STREAM

TEMPERATURE AND COUNT FOR EACH SKIN LLAYER

1
«16007000E+02
«55578512€+01
«60763760E+C1
+64375182E+01
540 ,00N00F-0N
540,00000E-00
540.,00000F-0Nn
540400000F-00
540,00000€E~00

2
«16025000F+02
«55888277F+01
«60422289F+01
«63987534F+01
540,18782F£~00
540,18782F~00
340,00000F~00
540,0000CF~0N
540 ,00N00F-0n

3
«16050n00F+02
e52755893F+02
«60NT79820F+01
«63599142F+01
561,94009E-00
541,94009F =00
540 ,01234F-0n
40 ,N0000F.0N
540 ,00000F 00

36

+45981030E+02
¢55945795E+01
042585199E+03
«29491558F+03

WA

«45438510€F+02
+55855560F+01
«4356405CFE+03
2 20269147C+03

B W N

«44895190F +02
«32752617F+02
+44566301F+03
«3106R4T5F+03

PARE SERURR S

«62311290E+04
«22409938E~-02
4325784 TE+03
«38998800F+03

«61G9360705+04
«?22638823F-02
«432207T79E+03
+3893988G0E+13

«61560130F+n4
«20566093E=01
«43183789E£+03
«389988B00F+03

¢21965317€E+08
+0G000000E~99

¢22369129E+08
«NONOONNNF-99

«22779691F+0R
«N0N00NONE~99




-

&
e 16075000F+02
« 531017025402
«59736139F+01
«63I209992F +01
543,50 AR TF (30
543,57357F-00
54N ,13822F-NN
54N ,00081E--00
K40 ,N000D0F 00
5
«156100000F+0?
¢53450131€+02
+«59391860F+01
£62820100F+01
D64,913) TF-0N
R44,91317F-00
84N 435N36F~00
S40G,008788~-00
540,00010F-DN
‘1
+16500000F+02
«9E520691F+02
«2347038NF+01
« 26181347401
568, 7467 3F~0NN
RSB TG46T3F-0O
5474053377 ~00
8424,20022€=-G0
541 ,nN0556F-NN
41
e 1 7000NRCOF+0D2
¢ 95 766647F+02
«43973177TE+0]
e 45750279F+01
569,27854F-0nN
B69,278541F-0N
BB L628°9F NN
S4P 41 296KF=0N
£45,303R8F-0N
61
+17500000F+02
¢ H3192654F 4002
. 34908104F+01
«36020070F+0)
Q7166 *72355F=-NN
576,123 5F=NN
563,16318F =00
RS, JububEF-NO
WEDLLB3PTF-00
81
» 1RN00000F+D2
.« 26 TRROF+0?
«28212649F+01
W CHETLRAOGF +)
379,56 281F=00
TG H562R1IF-0ON
LEER,946R 1700
5616825%1F~00
QRE5T,3G6220AF -0N

«44351110£402
«93NIBIBLE 02
«6AREATHIF +03
«3189N116F+n73

W8 ) N

e 438NE250F +02
«534LKTT4F+02
+Hb66H29TRF +0
¢ 32724754 +03

KB SER BN R

«34981100F+02
«H185167258H+02
«67361401F+03
«198029115403

DE NN

~23658G530F+02
«H59762619F+02
«10433726E+04
e83142794E+03

B 0 N e

«12002670E +0¢
+52188B417¢402
e 15773304% +34
«134460°0F+n6

NN -

<4 0ACNONOE-N&
22904INL2E+N2
e /34 13092F +0 4
021162110 F + 14

EURE S BN NS

261183460F 404
«2G967106E-N]
eL3146B62AF S0
« 1839RANNF+I3

«60RN60TNF +04
«?21377G28E-01
«H3110N227 03
«389G3ENOF+0

e UREFUSHE +04
«791N2045F =01
0 42943836F 403
¢ 394143844F+03

«46737680F+04
«40451952F-01
«4630988DF+N2
«6344]1169F+03

«38514940F+04
«529597C5F =01
2697935292F 4073
L 75007035403

«30N0L180E+"4
«AG11NBT8F-01
<56 '1950F+03
«H186BTPET 413

223197024 F 408
2NOANDOBOE -39

v« 23621270F+0%
«NINOBADGE~-99

«3NTBO29E+0R
« 0NNNANNE-GQ

035624770F 408
«00RGO000F-G9

¢328927573E+0
«20090000F-99

«39679877E+NK
S NANNHOHOE-QG
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c. Temperature versus Time for Layers of Cone

THF TA=
s 67 000000F+01

TMELT=
«28N50000F+04

MATERIAL ~- DTIMEs My Ky RHO»

274,09802F~0N4
«13470006E-01
300.54519F~04
«17470006£-01

DTIME=
«25000000F-01

MACH NO.
«60763760F+01

PRESSURE

Y=
«20000000E+01

QEFF=
+30000000E +04

1
«11490300C+03

2
«63680000E+03

DTCUT=
2 5000ND00F -N0

«42585200F+03

RET=
«¢22500000F+08

EMISSIVITY=

«80000N00E-00

CPs TAUT, NLAY

+«59680N000E-0Q0

«E3400N00E~01

TLO=
« 160N0NGOF+02

TEMPFRATURE -~ LOCAL
«43257850F+03

*#~ FOR EACH OUTPUT TIME STEP -~--

VIMF

ALTsXFT
Qv QCoT H

VELFT/SEC RE
TAUAR -~-~ HEAT COFFFS

TEMPERATURE AND COUNT FOR FEACH SKIN LAYER

1
« 16NN0ONDF+02
«JE957630F+01
540,00000F-00
S4n ,00NOOF-0n
S4N,000005-0Nn
Q40 ,00000F <00
R40,.00000F~NN

2
«16N025000F+02
+96957630F+0]
540 ,32592F~00
54N0,32892F~00
540,00000F-0n
560 ,00000F~0n
840 ,00000C-00

3
» 160500N0F+02
29693G161F+0]
540,614245-00
£40461424F~-00
S4N,NZ2161F-00

-~ e & o ®

a
L 18000000F+02
65393147 +01
e NYCNNNANF-CD
111 B7TRF 4NN
RGT L3ERIF NN
LT LRI NN
£ R 14TR2F-0ON
Lea2,7RINIT NN
43,3265 -00

+45980000F+02
«9692° 213F+01

B WA e

«45980000F +02
+969249]13F+n)

DD W N e

+45980000F+02
+96906345F+01
1
?
E)

«45980000F +02
o 6504TT3F +01
LNNANONCEF 60
GO IREE =4

[ NV

«62310000F+04
«38815149€-02

«62310000F+04
«38815149F-02

«A2310000F +04
+3881%654F-02

«62%10000F+04
«3878125RE -7/
NONAOCONT-a9
¢ TTANBLR5F -5

«800N0NONF-02

+«51000000€~02

THI =
« 180000005402

¢21965315F+08
« 00M00000F =99

¢219653|15F+0R
«NCNOOOONE-99

+21965315F 408
+N0rDNGNNE-59

0?219653145F 408
«NC000D0E-99
e 2HND0NNNF -0
2473109 F=~0N

1

3

/
Nof




Appendix B

1959 ATMOSPHERIC PROPERTIES

Table I presents 1959 atmospheric properties used as input to the
Fortran program,.

Table I. ARDC 1959 Atmospheric Properties

i —— .
ALT, Meters | T, °K __% ‘

¢.o 288. 16 101325. i
11000, 216, 66 22632. 2
25000. 216.66 2488. 6 3
47000. 282. 66 120. 444 4
53000, 282.66 58.3215 5
79000, 165, 60 1.00946 6
90000, 165,66 . 104438 1
105000. 225,66 . 00745265 8 .
160000, 1325, 66 .362003 E-03 & 2
170000. 1425, 66 .282362 E-03 10 :
700000. 3325,66 0.0 11

The following changes in dimensions are made, aud the properties
are stored into memory as:

AP (K, 1} = ALTy = ALTmeters X 3,2808333 (B-1)
AP(K, 2)=T, °R=T, °KX 1.8 {B-2)
AP (K, 3) = P, lbs/ft?= P, Newtons/m? X . 0208854 (B-3)

where K = 1 to 11
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The local velocity, Vo, is given in ft/sec and the local 2ititude,
ALT, isgiven in kilo-feet (geometric measure) and is converted to feet
(geopotential measure). ] )

~

(B-4)

ALTF = 20856000, (ALT) / (20856, + ALT)
AALT = DALT = ALTF - AP’K’1 (B-5)
Tew = APg , + ALT {TS) " (B-6)
where TS is the temperature slope for the atmosphere layer. f
s - §47 Tomperature -
When TS = 0.0 :
Py = APK, 3/ & (B-8)
where 5
e =2,718281828 (B-9)
and ]
j =.01879 AALT/APK , (B-10)
When TS £ 0.0
APk P g
Py =APK’3_TI'—:_J (B-11)
where ’
j =.01879/TS (B-12)
Then
P = - 01879 P/ Ty (B-13)
and o
Mg = Vy Rg To (B-14)
40 ]




TBODY

NCFIT

TH

RN

RNORY

QR

RET

RE

QRRET
TMELT

QE

NMAT
C{M)
RHO(M})

CP(M)

Qeff

Pm

Pm

SYMBOLS

Type of configuration - 1. Sphere
2. Flat plate

3. ~«one
Number of curves fitted for input data

Angle, deg: Sphere; position angle
Flat plate or cone; used for ideatification .

Nose diameter of sphere, ft
Nose radius of sphere, ft
Length along surface, ft
Input symbol (RN or Y)

Ratic of laminar heat transfer to stagnation
rate heat transfer, from Figure 5

Transition Rz2ynolds number, given for FP
or cone

Local Reynolds number, defined by Equation
(36) for FP or cone

Input symbol (QR or RET)

Melting temperature for wall, °R

Effective heat »~f ablation, Btu/lb

Emissivity of wall mnaterial

Total number of materials; 1, 2 or 3

Material thermal conductivity, Btu/ft.sec - °R

Material density, 1bs/fe

Specific heat for the material, Btu/lb - °R

41




e ———— e - N -

TAUT Ttot T<tal thickness of the material, ft
. TAU(M) Tm Thickness of each layer of the material, ft - ~ )
o NL1-2-2 NLAY_, Number of layers of cach material N - 2% 3
% ’ {Total cannot axceed 14) ) - tj,*
p F, 3 Fne Bm Functiong of material propercies, defined by CAE
‘ Equations (39) to (41) B S
. - 3 }} !l-;%
T OTIME t Local time, sec i
: DTIME &t Time increment, sec, used for calculations, ' ’*;
f Ejuatior (38)
PTOUT - '~ Time in:remen:, sec, used for output; ‘,4
Multiple of DTIME Tt
TLC t, Initisl time, sec, TLO 2 0.0 : :
THI t: - Upper time limit, sec 3
: NT Toval number of time steps, Equation (A-1)
11620 Estimate of 1520 machine time required,
Egpuation {A-11)
H
TPRNT Count for time print-out “
ABOUT Test focr cutput of TIME, ALT, and VEL at .
first ablation
NUM; NSEG Number of segmeats to each of 2 or 5 curves
given (Total number of segments caunot
exceed 15) i b
CONj, 2 X6,
Xhi Limits of curve segment, input data -
; CONj, Ag, Nor:nalized cubic curve fit constants, used in
i 4,5,6 1,2,3 Equation (A-4)
2
3
t
i TEMP T Temperature for each skin layer zt each time
H

step, "R; given for initial time step, then
; defined by Iquations 149) to (55)
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R ST o

L
g
g;
§
§
:
%
]
§
%
§

|

TEMPL

DTEMP

™W

TEMP(NL}

Di-2-.

PF

PS

PSVPT

TF

TS

AP

AP

Tl

AT

S

Pao

Ps/Ptot

Teo

Temperature for each layer at previous
time steps

Temperature increment for the local layer, -
Equation (42)

Wall temperature, °R, defined by Equations
(49) and (53) ’

“'emperature for innermost point, defined by
Equations (52) and {55)

Incremental temperature distribution, defined
by Equations (43) to (45)

Free strearn Mach number, Equation (B-14)

Local Mach number

Sphere: from Equation (25)

FP or Cone: given constant or f {Mw),
Equation (A-8)

Free stream pressure, Z{bs/ftz , Equations
(B-8) and (B-11)

Local pressure, lbs/{t?

Sphere: from Equativn {23}

FP or Cone: given constant or f (M),
Equation [A-9)

Ratic of local pressure to stagnation pressure,
Equation (24)

Free siream temperature, °R, Equation {B-6)
L.ozal temperatufe, ‘R

Sphere: frorn Equatiun (27)

FP or Core: given constant or f (M),

Equation (A-~10)

Atmospheric Properties of Table 1 in: Appendix B

Altitude, ft, geopotential measure,
Equation (B-1)
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;
=

x

APk o
APy 3

ALT

ALLTF

VEL

DF

QAB

TAUAB

Qw

QDOT

TREC

HX

ALT

AALT

p sea
level

4ab

Tab

h

o i ——

Atmoaspheric temperature, °R, Equation (B-2)
Atmospheric pressure, 1bs/ft’, Equation (B-3)

Liocal altitude, kilo-feet, geometric measure,
Equation (A-6}

Local altitude, ft, geopotential measure,
Equation (B -4)

Difference between local and layer base altitude,
ft, geopotential measure, Equation (B-5)

Local free stream velocity, ftfsec
Eguation (A-7)

Free stream density, 1bs /£, Equation {B-13)

Sea level density, 0.092378 siugs/f® -

Heating rate duriig ablarion, Equation (A-12)

Preliminary estimate of total ablation thickness,
in,, Equation (A-13)

Aerodynamic heating rate, Btu/ft® - sec
Equations (28) and (47)

Defined by Equation (48]j
Recovery ternrirature, "R, Equation (46)

Aerocynamic heat ceoefficient, Btu/ft’-sec-"R
defined Ty Equatioas (15}, (19), (29), (32),

s

Factors ’73. Equations (7), (15) and (19}. Defined
by Eguations {8) to {10) and {20) to (22)

Flat piate to ccne heat transfer factor, as sed
in Equations {32) and (353)

Eathalpy. ft* /sec?, used in Equation (28)
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Reference thermal conductivity, Btu/ft-sec-°R
Equations (12a) and (12b)

Reference viscosity, lbs-sec/ft?, Eqaation (13)
Reference Frandtl numhber, Equation (14)
Refercnce temperatuie, °R, Equation (11)
Specific heat for air, Equation (56)

Ratio of specific heats; for air, y = 1.4

Computed ¥ as a function of temperature,
Equation (57)

Recovery factor: laminar, R = 0. 85, turbulent,
R =0.892

Acceleration for gravity; 32. 174 ft/sec?
Gas constant, for air, Rg = 1716 £t /sec? - R

Stefan-Bolizmann constant, 0.48096 X 10™~°
Btu

fi*-sec-°R”

Stanton number, Equations (1) and {17)
Nusselt number

Skin friction coefficient, Equations (3) and (18)

Leading edge Cg proportionality facter for
laminar and turbulent boundaries

Velocity gradient parameter
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0 Free stream properties
S Liocal properties i
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| inc Incompressible conditions L :
o Stagnation conditions ;
TOT Total conditions »
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FP Flat plate !
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